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MANY medical investigators and clini-
cians have observed that acute renal failure
(lower nephron nephrosis) frequently fol-
lows hemorrhage, burns, dehydration,
trauma, incompatible blood transfusions
and peripheral circulatory failure. Mallory,
after studying 260 cases of battle injury,
has shown that injury to the ascending
limb of the loop of Henle occurs within 24
hours and that after four to five days, necro-
sis and regeneration of tubular epithelium
has begun in the ascending limbs and distal
tubules. However, the exact precipitating
factor or factors which produce acute renal
failure remain unknown. It has been sug-
gested that during shock, a nephrotoxic
substance is released which subsequently
causes renal failure. Other investigators
have suggested that renal failure is a result
of mechanical blocking of the kidney tub-
bules with hemoglobin or a heme deriva-
tive.5 Darmady,' Maegraieth and Findley8
and many other investigators have sug-
gested that renal failure is due to ischemia
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as a result of shock. Van Slyke 1 and
others 4, 10 have shown that renal ischemia,
as produced by occlusion of the renal artery
in animals, is followed by renal failure;
either transitory or fatal, depending on the
duration of the ischemia.

In a previous study 8 the authors noted
that occlusion of the aorta proximal to the
renal arteries resulted in a mean blood
pressure below 30 mm Hg in the distal
segment. Although renal clearances were
zero during the periods of occlusion, this
pressure seemed to be adequate to prevent
immediate renal damage as demonstrated
by renal clearance studies which returned
toward normal values a few hours after
removal of the aortic occlusion. In the light
of these observations and the fact that ir-
reversible shock develops at an arterial
blood pressure of 30 to 35 mm. Hg or above
(usually of shorter duration than that of
the current experiments), it seemed worth-
while to study in detail the renal functional
response to arterial blood pressure below
the threshold of filtration as compared to
complete renal arterial occlusion. In addi-
tion, rather than study the immediate effect,
it was thought best to determine renal func-
tion at a time when maximal renal damage
would be expected to occur as shown by
Mallory.7 Thus, this experiment was de-
signed to determine what effects, if any,
reduced pressures, for prolonged periods
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FIG. 1. Diagrammatic representation of the
method for producing renal occlusion by the three
different methods. Group I. Aortic occlusion above
the renal arteries. Group II. Renal arterial occlu-
sion alone. Group III. Aortic plus renal arterial
occlusion simultaneously.

of time, equivalent to those found in irre-
versible shock might have on the kidney,
and to compare these effects with those on
a kidney made ischemic by complete occlu-
sion of the renal artery (as was done by
previous investigators) for the same period
of time.

METHODS

Seventy-nine female dogs varying in
weight from 8.0 Kg. to 20.0 Kg. were used
in the experiment. They were divided into
three large groups, and each of these were

divided into sub-groups depending on the
various vascular occlusion periods. Group 1
contained 18 dogs in which the aorta was

occluded proximal to the origin of the
renal arteries (Fig. 1); Group 2 contained
37 dogs in which one renal artery was oc-
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cluded; and Group 3 contained 24 dogs in
which the aorta was occluded as in Group
1 but in which, in addition, one renal artery
was occluded simultaneously (Fig. 1).

All dogs were anesthetized with pento-
barbital sodium (30 mg./Kg.). Approxi-
mately one hour before the renal studies
were begun, each dog was hydrated with
water (40 ml./Kg.) via gastric tube or in-
fused for one hour with 5 per cent glucose
(20 to 30 ml./Kg.). Renal hemodynamics
and excretion of water and electrolytes
were then determined on each dog. Crea-
tinine was used to determine glomerular
filtration rate (GFR). Para-aminohippurate
(PAH) was used to determine renal plasma
flow (RPF). Mean arterial blood pressure
was determined by direct intra-arterial
mercury manometry. Three consecutive 10
minute periods were taken on each dog and
these served as control observation on renal
function. Urine volume was measured and
the sodium and potassium content in the
plasma and urine were determined using
a Model D-U Beckman flame photometer.
Arterial blood collected through a manifold
was used for analysis. The general methods
and analytical procedures have been de-
scribed previously.3'9 Immediately follow-
ing the three 10 minute control periods,
each dog was operated on using aseptic
technic.
Group 1: There were 18 dogs in Group

1 in which only the aorta was occluded
proximal to the renal arteries. An oblique
incision was made at the costo-vertebral
angle just distal to the lowest rib on the
left side. By remaining retro-peritoneal, the
aorta was exposed and, using a Pott's clamp,
was occluded proximal to the origin of both
renal arteries for varying intervals. In five
dogs (Sub-group 1A) the aorta was oc-
cluded for one hour; in seven dogs( Sub-
group 1B) it was occluded for one hour
and 30 minutes and in six dogs (Sub-group
1C) it was occluded for two hours. During
the period of occlusion, the average mean
blood pressure in the distal segment was
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obtained by direct intra-arterial mercury
manometry. An occlusion period of three
hours was not employed on the animals in
which the aorta alone was occluded since
the animals in Group 3 (Sub-group 3C)
served for this purpose. In these animals
(Group 3), the right kidney was exposed to
aortic occlusion only for three hours. Oc-
clusion periods up to two hours on the
animals in Group 3 (using the observations
on the kidney exposed to aortic occlusion
only) confirmed the observations on the
animals in Group 1 and, therefore, we con-

sidered it unnecessary duplication to do
more experiments on aortic occlusion alone
(Group 1) for periods in excess of two
hours.
Group 2: There were 37 dogs in- Group

2 of which 10 were subjected to unilateral
occlusion of the renal artery for 60 minutes
(Sub-group 2A), seven for 90 minutes
(Sub-group 2B), 13 for two hours (Sub-
group 2C) and seven for three hours (Sub-
group 2D). In these animals an oblique
incision was made at the costo-vertebral
angle just distal to the left rib alternately
on the right and then on the left side, de-
pending on which renal artery was to be
occluded. Through a retro-peritoneal ap-
proach the renal artery was exposed and
then occluded for the intervals described
above, using a Bulldog vascular clamp.
Group 3: There were 24 dogs in Group

3 in which the aorta and one renal artery
were occluded simultaneously. The same
operative technic was used as in Group 1.
The aorta was exposed as was the left renal
artery. Both were occluded simultaneously
and remained occluded for the same period
of time. The occlusion period was two
hours in eight dogs (Sub-group 3A), two
hours and 30 minutes in six dogs (Sub-
group 3B), and three hours in 10 dogs
(Sub-group 3C). The aortic clamp was

placed above the origin of both renal ar-

teries so as to be certain that circulation to
the right kidney was not interrupted. The
average mean blood pressure in the distal

segment was measured as noted above for
the dogs in Group 1.
Following the period of occlusion in each

dog the clamps were removed. The re-
establishment of circulation through the
occluded renal artery was ascertained by
observing pulsations in the artery distal to
the occlusion. Then the incision was closed
and procaine penicillin G (300,000-600,-
000 units) was injected intramuscularly.

After an interval of three to five days,
follow up renal studies were done on each
dog. Renal hemodynamics and excretion
of water and electrolytes were determined
as described above. In Group 1 the follow
up study consisted of three 10 minute pe-
riods as was done during the control study
and a comparison made between control
renal function and that following aortic
occlusion. In Groups 2 and 3, each ureter
was catheterized with polyethylene tubing
and renal function determined for each kid-
ney separately. Three consecutive 10 min-
ute periods were collected as during the
control observations. Control values for
each kidney in the dogs in Groups 2 and 3
were derived by assuming that each kidney
in the normal animal contributes approxi-
mately one-half to the total renal func-
tion.* Having made this assumption, we

used one-half of the values (1/2C-Tables
2A to 3B) for both kidneys as representing
the control function for each kidney. A
comparison was then made between the
control values for each kidney and the ob-
servations made three to five days after the
occlusion. In Groups 2 and 3, the occluded
and the unoccluded kidney were also sta-

There is no question about the validity for
the animals in Group 2 since the arteries to alter-
nate kidneys were occluded in successive experi-
ments. In the animals in Group 3 there may be
minor objections to this assumption since, for tech-
nical reasons, the left kidney was always the one

which was occluded. However, the magnitude of
the change in this group of experiments was such
that minor differences in control values between
the kidneys would have been of little if any

significance.
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tistically compared with each other. The
unoccluded kidney in Group 2 served as
an absolute control on the method and the
operative technic since nothing was done
to interrupt the blood supply to this kidney.
In Group 3 the effect of aortic occlusion
only (right kidney) can be compared to
the control values and to the effect of simul-
taneous aortic occlusion and renal artery
occlusion in the opposite kidney. At the end
of each experiment the animals were sacri-
ficed and pathologic studies were made on
both kidneys.

RESULTS

The results of aortic occlusion only
(Group 1 ) are shown in Tables 1A and LB.
Occlusion of the aorta for 60, 90 and 120
minutes had no significant effect on arterial
blood pressure or on renal hemodynamics
when the observations made three to five
days after occlusion (Dl) were compared
with the control values (C). Likewise,
there were no significant changes in glo-
merular filtration rate in any of the sub-
groups in Group 1 and the findings were

fairly consistent in all animals studied in
this group with the exception of dogs Nos.
29 and 39 which showed a moderate drop
in renal function following aortic occlusion.
As with the renal hemodynamics, aortic

occlusion did not appear to alter excretion
of water and electrolytes (Table 1B). Often
times excretion of sodium was moderately
reduced but this was not consistent enough
to be statistically significant.
There was a decrease in concentration of

plasma sodium (p < 0.05) when the post
occlusion values are compared to the con-
trol values in Sub-groups 1A and 1B. The
significance of this is not evident unless it
represents a decreased intake of sodium
due to loss of appetite and failure to eat
during the postoperative period between
the control observations and the follow up
studies three to four days later. There was
a slight increase in the plasma sodium con-
centration in the dogs in Sub-group 1C.

The mean values for the average mean
blood pressure that existed in the distal
segment of the aorta during the period of
occlusion were 25 mm Hg (Sub-group LA),
23 mm. Hg (Sub-group 1B), and 24 mm.

Hg (Sub-group IC), respectively, which
represents 60, 90 and 120 minutes of aortic
occlusion.

Referring to Tables 3A and 3B on which
are recorded the data from the dogs in
which the right kidney only was subjected
to aortic occlusion for periods of two to
three hours, further evidence is presented
that aortic occlusion alone for periods up
to three hours will not produce renal dam-
age. Apparently, mean blood pressures of
16 to 30 mm. Hg at the level of the renal
artery are adequate to protect the kidney
against ischemic damage for periods up to
three hours. This is in marked contrast to
the observations made when the renal ar-

tery was completely occluded, either alone
(Group 2) or simultaneously with the aorta
(Group 3).
The results of unilateral occlusion of a

renal artery only (Group 2) are shown in
Tables 2A and 2B. The data show that no
significant change occurred in the mean
blood pressure from the control to the post
occlusion observations as a result of occlu-
sion of a renal artery for periods up to three
hours. Each of the sub-groups of animals
showed some evidence of renal damage on
the side on which the renal artery was oc-
cluded as indicated by a significant reduc-
tion in glomerular filtration rate and renal
blood flow in the occluded kidney. After
only one hour of occlusion, glomerular fil-
tration was depressed to 70%o of control
(p < 0.01) and renal blood flow to 69% of
the control (p < 0.01). After two hours of
occlusion, glomerular filtration rate for the
sub-group was depressed to 55%o of the
control value (p < 0.001) and renal blood
flow to 50%o (p < 0.001) of the control.
After three hours (Sub-group 2D) of occlu-
sion, renal function was virtually non-exist-
ent in the occluded kidney of any of the

Volume 145
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TABLE lB. The Effect of Aortic Occlusion Only on Excretion of Water and Electrolytes
(3 to 4 Days After Occlusion)

URINE PLASMA URINE

Sodium Potassium
Volume Sodium Potassium Excretion Excretion
ml./min. mEq/L mEq/L sEq/mnin. Eq/min.

Dog
Number C D1 C D1 C D1 C D1 C D1

Subgroup 1C-Occlusion Time = 1 hour
144 134 3.00 3.87
149 131 3.02 3.97
140 130 2.10 2.53
161 144 3.84 3.76
146 141 3.00 3.28

148 136 2.99 3.48
92 116
.01 .05

Subgroup lB-Occlusion Time = 1½ hours
149 137 3.25 3.87
144 141 3.61 3.51
153 148 2.69 2.71
155 137 2.87 3.17

138 134 2.71 2.87
154 135 3.00 2.69

149 139 3.02 3.14
93 104
.05 .50

Subgroup 1C-Occlusion Time = 2 hours
151 156 3.38 3.30
139 155 3.10 3.51
141 152 2.84 3.74
126 157 3.53 3.43
139 152 3.28 3.35
137 153 3.30 3.25

139 154
111

.05

3.24 3.43
106
.20

53 178 23 50
72 119 27 53

190 37 42 68
82 112 37 31
56 17 18 19

91 93
102
.50

29 44
152
.20

89 137 30 54
49 37 34 35
269 42 30 38
285 12 43 28
257 141 43 32
90 41 32 48
63 46 56 42

157 65 38 40
41 105
.10 .50

206 144
256 121
53 68
136 305
306 80
46 27

167 124
74
.50

41 53
41 45
22 20
100 93
40 29
26 23

45 44
98
.50

C, D1--see Table IA for key to abbreviations.

St = -X <( ).

dogs, the glomerular filtration rate being
reduced to 8% of the control (p < 0.001)
for the group, and the renal blood flow to
12%o of the control (p < 0.001). The dif-
ference in function between the occluded
and unoccluded side was always statistically
significant both for glomerular filtration
rate as well as renal blood flow.

Interestingly enough, there was fre-
quently an increase in glomerular filtration
rate and renal blood flow in the unoccluded
kidney over control levels. This response

was statistically significant (p < 0.05) for
periods of occlusion of 60 and 90 minutes
and was most marked when the follow up
studies were done four to five days after

46

23-A.O.
24-A.O.
25-A.O.
26-A.O.
27-A.O.

Mean
% of Control
P Valuet <

28-A.O.
29-A.O.
30-A.O.
31-A.O.
32-A.O.
33-A.O.
34-A.O.

Mean
% of Control
P Valuer <

35-A.O.
36-A.O.
37-A.O.
38-A.O.
39-A.O.
40-A.O.

Mean
% of Control
P Valuet <

0.6 2.4
1.0 1.8
1.2 0.8
1.5 0.8
0.9 0.4

1.0 1.2
120
.50

1.2 1.5
1.2 1.5
3.6 0.4
1.8 0.2
3.0 0.9
1.1 0.7
2.6 1.4

2.1 0.9
43
.10

2.2 1.6
2.6 1.4
1.4 0.8
1.2 2.1
3.3 1.9
0.8 0.4

1.9 1.4
74
.50
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RENAL FAILURE

the occlusion. The increase in renal func-
tion in the unoccluded kidney is probably
a compensatory response. Increased func-
tion in the control kidney (unoccluded kid-
ney) did not occur when the opposite kid-
ney was occluded for two or three hours,
perhaps due to the liberation of a renal
vasoconstrictor substance by the severely
damaged kidney.°
There was no marked or consistent dif-

ference in excretion of water and electro-
lytes between the two sides (Table 2B)
after occlusion of a renal artery for 60 to
90 minutes, although there was a slight in-
crease in excretion of sodium by both kid-
neys over control levels which was not
statistically significant. In Sub-groups 2C
and 2D (one kidney occluded for two and
three hours), there was a statistically sig-
nificant difference (p < 0.05) in excretion
of sodium between the two sides in those
animals in which one renal artery was oc-

cluded for periods of two or three hours.
Excretion of potassium was also depressed
in the occluded as well as in the unoc-

cluded kidney after three hours of occlu-
sion. There was a statistically significant
(p < 0.001) difference between the oc-

cluded and the unoccluded kidneys after
both two and three hours of occlusion, be-
ing more depressed on the occluded side.
In Sub-group 2B (90 minute occlusion)
and Sub-group 2D (3 hour occlusion) there
was an increase and a decrease respectively
in concentration of sodium in the plasma.
These latter alterations were not marked
and probably of little significance.

Simultaneous occlusion of the aorta and
left renal artery resulted in severe func-
tional damage to the kidney in which the
renal artery was occluded for periods of
two to three hours (Table 3A). The opposite
kidney, although subjected to pressures be-
low the threshold of filtration by the aortic
occlusion, showed no change from control
to the post occlusion observations.
Changes in urinary volume followed

closely those in renal function (Table 3B).

The occluded kidney showed a marked
reduction in urinary volume as compared to
the control observations, whereas the op-
posite kidney showed no change. Often-
times the occluded kidney was completely
anuric. These findings were consistent and
were significant throughout whether occlu-
sion was for two or three hours.

Levels of sodium and potassium in the
plasma did not change consistently from
the control to the post occlusion period al-
though individual dogs did show variation
in levels of plasma sodium. Excretion of
sodium was markedly depressed from con-

trol levels in the occluded kidney. Although
this reduction in excretion of sodium was

usually very marked in the damaged kid-
ney, the alterations were so variable that
the significance could not be demonstrated
by statistical methods. In the animals in
this group there was a slight increase in
excretion of potassium in the unoccluded
kidney, in contrast to marked reduction in
the occluded kidney.
The average mean blood pressure in the

distal segment during the period of occlu-
sion was 26 mm. Hg and 19 mm. Hg and
25 mm. Hg, respectively, for Groups 3A,
3B and 3C.

DISCUSSION

Apparently in the dog, renal ischemia as

produced by occlusion of a renal artery
for periods up to two hours will not always
produce significant functional renal dam-
age; but for the group as a whole there is
a slight but significant depression in renal
function even after one hour of occlusion.
After two hours of occlusion renal function
is usually but not always depressed and
after three hours of occlusion, it is always
severely depressed on the occluded side
(p < 0.001). The contralateral kidney is
not affected and function may actually in-
crease in this kidney, apparently a com-

pensatory response. These deductions are

in keeping with observations made previ-
ously by Van Slyke 11 and others.10 Like-
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FIG. 2. Gross changes in the kidney showing the difference between the effect of renal
arterial occlusion (left) alone for two hours as contrasted to the unoccluded kidney in whichthere were no gross pathologic alterations.

_ Re ... ... ,o ,1 l =. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.....

FIG. 3. Gross changes mn the kidney exposed to aortic occlusion (right) as compared to the
effect of aortic us renal arterial occlusion (left) for two hours. There was no gross evidence

of damage to the right kidney which was exposed to aortic occlusion alone. However, the
left kidney was severely damaged and showed considerably more gross changes than those
seen on the left kidney in Figure 2 which was exposed to renal arterial occlusion, without

concurrent aortic occlusion, for a similar period of time.

wise, it is apparent that occlusion of the
aorta proximal to the renal arteries for
periods up to three hours with resulting
mean blood pressures below 30 mm. Hg in
the distal segment produces no functional
renal damage (Groups 1 and 3). The most
severe damage to the kidney results when
both the renal artery and the aorta proximal
to the renal arteries are occluded. In the
current studies occlusion of a renal artery
alone for three hours produced about the
same degree of damage as simultaneous
renal artery and aortic occlusion for only
two hours. Figure 2 demonstrates the gross

changes observed by two hours of occlu-
sion of the renal artery (left) only; where-
as Figure 3 demonstrates the effect of simul-
taneous renal artery and aortic occlusion
for two hours. The differences in the degree
of renal changes are striking. There was no

apparent damage to the right kidney in
Figure 3 which was exposed to aortic oc-
clusion only for two hours.
These observations suggest that mean

blood pressure below 30 mm. Hg, which
is less than that required for the production
of irreversible shock, will not produce func-
tional renal damage for periods up to three

56
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hours. Although renal clearance at the time
of reduced blood pressure (sub-filtration
pressure) is zero there is enough blood
circulating through the kidney at these re-
duced pressures to prevent significant renal
damage. Apparently as long as a minimal
amount of blood circulates through the kid-
ney, it suffices to keep the renal parenchyma
viable.
The circulation through the renal capsule

to the cortex may be of greater importance
than is usually considered to be the case
and may indeed play an important role in
the renal circulation. The last consideration
is based upon the fact that renal arterial
occlusion alone for two hours does not pro-
duce as severe functional damage as when
renal arterial occlusion is combined with
aortic occlusiot (hypotension of the dis-
tal segment), then severe renal damage
is produced in every case. This suggests
that when the renal artery alone is oc-
cluded, the systemic blood pressure in the
tissues surrounding the kidney remains un-
altered, and consequently remains suffi-
ciently high to maintain some blood flow
through the renal capsule. This is frequently
enough to keep the kidney viable for as
long as two hours. Conversely, if one oc-
cludes one renal artery and the aorta simul-
taneously, resulting in hypotension in the
distal segment, then the blood pressure in
the surrounding tissues is reduced to the
point at which very little or no blood flows
through the renal capsule to the cortex
which results in complete renal ischemia
and necrosis.
Whether or not complete renal ischemia

results during shock remains to be proven.
Experiments are now in progress to obtain
additional information concerning this point.
If it can be shown that any circulation
through the kidney exists during shock,
then renal failure should rarely result from
ischemia due to hypotension alone and the
cause must lie elsewhere since the animal
(or man) would die of cerebral ischemia
before he developed renal ischemia of suffi-

FAUILURE 57

cient duration to produce severe renal dam-
age. In conclusion, it appears that reduc-
tion in blood pressure alone (equivalent to
those found in irreversible shock), will not
of itself produce acute renal failure (lower
nephron nephrosis).

SUMMARY AND CONCLUSIONS

1. The effect of renal ischemia produced
by three different methods of arterial occlu-
sion has been observed in 79 dogs using
clearance studies as an indication of the
degree of renal functional impairment.
Renal ischemia was produced for periods
up to three hours by occlusion of the aorta
above the renal arteries, by occlusion of
one renal artery alone, and, in the third
group, by occlusion of the renal artery and
the aorta simultaneously. Three to five days
after the ischemia was produced by the
various methods, follow up studies of renal
function were carried out and these were
compared to similar observations made
prior to the production of ischemia.

2. Occlusion of the aorta above the renal
arteries resulted in a maintained arterial
blood pressure distal to the occlusion of 30
mm. Hg or less. This pressure was appar-
ently enough to maintain adequate circula-
tion through the kidneys to prevent renal
damage for periods of occlusion up to three
hours.

3. Occlusion of one renal artery alone
produced renal damage in some dogs even
after one hour. The response to renal ar-
terial occlusion alone was very variable
since some animals withstood occlusion for
periods up to two hours without significant
renal damage. However, after three hours
of occlusion, severe renal damage resulted
in all of the animals studied.

4. The most severe damage resulted from
combined aortic and renal arterial occlu-
sion. Even after two hours of occlusion,
renal damage was marked in all animals
and after three hours, renal function was
completely destroyed. The degree of renal
damage in this group of animals after two
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hours of occlusion was approximately equiv-
alent to that in animals in which one renal
artery alone was occluded (without concur-
rent aortic occlusion) for three hours. This
suggests that, under the conditions of the
experiment, there was frequently an ade-
quate amount of blood reaching the paren-
chyma of the kidney via the cortex to pre-
vent severe and consistent renal damage for
a period of two hours during which time
the renal artery was occluded. This further
suggests that there is more potential col-
lateral circulation through the renal cortex
than is usually considered to be the case.

5. When operative procedures are em-
ployed in which the circulation to the kid-
ney is to be interrupted, it might be very
helpful if only a small amount of blood
could be by-passed from the systemic cir-
culation into the renal parenchyma. Thus
irreversible renal damage could be pre-
vented for long periods of time.
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